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Abstract
This paper considers the dynamic modelling and motion control of a Surface Effect Ship (SES) for safer
transfer of personnel and equipment from vessel to-and-from an offshore wind-turbine. Such a vessel is
a key enabling factor for operation and maintenance (O&M) of offshore wind-energy infrastructure. The
control system designed is referred to as Boarding Control System (BCS). The performance of this system
is investigated for a specific wind-farm service vessel—The Wave Craft. A two-modality vessel model is
presented to account for the vessel’s free motion and motion whilst in contact with a wind-turbine. On a
SES, the pressurized air cushion carries the majority of the vessel mass. The control problem considered
relates to the actuation of the pressure such that wave-induced vessel motions are minimized. This leads to
a safer personnel transfer in higher seas than what is possible today. A stability investigation for the BCS
is presented as well as results given through simulation and real experimental testing (model- and full -scale
craft).
Keywords: Compensating feedback, Marine systems, Ship control, Velocity control, Pressure control,
Friction, SES
Figure 1: The Wave Craft model-test and prototype in BCS mode. Photo: Umoe Mandal (UM)
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1. Motivation and Introduction
1.1. A growing market for offshore wind-farms
As reported by the European Environment
Agency’s EEA [1], it is expected that in 2020 there
will be 30-40 times the installed offshore-wind infras-
tructure developed in 2008. Fig. 2 illustrates that
the installation of offshore wind-turbines in Europe
is currently increasing.
Figure 2: Annual and cumulative installations of Offshore
Wind [2]
The next generation of turbines are located signif-
icantly further offshore. Therefore, they experience
higher sea states, which require specialized service
vessels for operation and maintenance (O&M). A key
issue for good economics on an offshore wind farm is
maximization of access feasibility for O&M. Surface
Effect Ship (SES) equipped with the Boarding Con-
trol System (BCS) introduced in this paper will allow
safer transfer of personnel and equipment from vessel
to-and-from an offshore wind-turbine.
Based on modelling and experimental validation
(for data corresponding to the British North Sea),
we estimate that a relatively small craft can enable
safe turbine access in sea states of up to 2.5 meter
significant wave height. Today, a similar sized craft
can only operate safely up to 1.5 meters [3]. This
improvement in vessel motion handling would signif-
icantly extend the operability envelope.
1.2. Surface effect ships
SES are known to offer very high speed and excel-
lent sea keeping performance in high seas compared
to conventional, equally-sized, catamarans. The SES
rides on an air cushion which is enclosed by two rigid
catamaran side-hulls and flexible rubber seals at the
bow and the stern, [4] [5]. Fig. 3 shows a cut view
along the longitudinal center-plane of a typical SES.
Figure 3: Cut view of along the longitudinal center-plane of a
typical SES. Illustration: UM.
The air cushion is pressurized by centrifugal lift
fans that blow air into the cushion. The air cushion
lifts the vessel vertically and the pressurized cush-
ion can carry up to 80% of the total vessel mass.
When this is the case, only a minor part of the hull is
submerged and exposed to hydrodynamic drag. The
pressure is controlled by controlling the position of
a set of vent valves that varies the cushion air leak-
age. This can alter the crafts submerged level consid-
erably. To obtain high performance during turbine
boarding, a Wave Craft has installed twice the air-
flow actuation capacity necessary for traditional SES
high-speed mode. This is the consequence of the BCS
needing to transfer large amount of air for each wave
in order to achieve crucial vertical motion damping.
Fig. 4 shows a model-test boarding setup.
Figure 4: The Wave Craft model test (photo: Umoe Mandal)
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1.3. Air cushion control for SES
The modern SES was invented in the 60s and Mar-
itime Dynamics, Inc (MDI) developed the first func-
tional, performing Ride Control System (RCS) which
defines cushion pressure control during transit. The
RCS damps wave-induced pressure fluctuations in the
air cushion which reduce vertical accelerations and
hence, increases passenger comfort. Among the very
first SES built was the XR-1 series, SES-100A and
SES-100B all with some form of RCS installed. The
latter one, which was a 100-ton craft, established a
sustained speed record of 91.9 knots [4]. MDI pro-
ceeded from their early success and dominated the
industrial manufacture of the RCS for the SES. Air
cushion pressure control is traditionally performed
using vent valves, as seen in Fig. 5, located between
the cushion and ambient air.
Figure 5: A vent valve assembly from a full-scale system bench-
test (photo: Umoe Mandal)
Kaplan et al. [6] and Adams et al. [7] present two
comprehensive contributions to SES modelling and
RCS design. Sørensen and Egeland [8] identified and
solved certain spatial varying air cushion pressure
resonances, using a set of partial differential equa-
tions, robust dissipative control and collocation prin-
ciples. Later, Bertin et al. [9] proposed a decoupled
high-gain controller which through simulation claims
higher performance for damping of the lowest spatial
varying resonance frequency.
A traditional RCS will strive to neglect higher-
frequency (> 1Hz) pressure variations during transit.
An almost inverse control-scheme has appeared pop-
ular the past few years where wave-frequency (< 0.3
Hz) pressure variations in fact are desired to counter
motions set up by sea waves at zero vessel speed.
Basturk and Krstic [10] propose adaptive wave can-
cellation by controlling the air cushion pressure of a
SES. The SES is ramp-connected to a large, medium-
speed, roll-on/roll-off (LMSR) vessel. The controller
acts to reduce the ramp motions. Auestad et al.
[11, 12] also presents vertical motion damping on a
SES but the craft does not experience any external
forces such as ramps or turbine contact. The pur-
pose of this work is to minimize vertical bow motion.
Model-test results indicate motion reduction up to
68%.
This article is an extended work of what was pub-
lished in Auestad et al. [13] and includes a more ex-
tensive text, a stability investigation and full-scale
results. In section 2 a mathematical model of the
described scenario is described, section 3 presents a
controller with the mathematical model presented in
state space form. Section 4 presents simulation and
real experimental results while the work is concluded
in section 5.
2. Mathematical Modelling
In this section, a mathematical model is developed
that accounts for both free station keeping and sta-
tion keeping whilst the vessel bow is in contact with
the wind-turbine column. The following are the mod-
elling hypotheses considered:
1. Vessel motion in surge, heave and pitch. The
wind-turbine column is considered vertical and
rigid.
2. As a point of reference on the vessel, consider
the point B which is located below the center-
of-gravity on the mean water line. The surge
and heave displacements at point B are consid-
ered with respect to the point O in an inertial (i)
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earth-frame, namely xiB/O and z
i
B/O. The up-
per right script indicate the coordinate system
used and the lower scripts indicate the reference
points to which these offsets refer to. This is
illustrated in Fig. 6.
3. The compliance of the point of contact between
vessel and turbine is modelled by a vertical and
a horizontal spring-damper, kv, cv, kh and ch,
respectively. The springs capture the elasticity
of the bow rubber fender (Fig. 4 and 6). The
springs are attached, or suspended, to a small
fictitious mass m∗—which is considered in order
to avoid computational causality issues due to
holonomic constraints. The location of the un-
compressed fictitious mass is represented by the
point M , which is horizontally fixed, but it has
a vertical degree of freedom. Fig. 6 shows the
system when there is no contact between vessel
and turbine.
4. The point C is located at the bow tip on the
crafts centerline. The offsets xbC/B and z
b
C/B in-
dicate the fixed distance between point C and B
in body-fixed coordinates.
5. Let the point O be chosen so that it coincide
withB when the horizontal spring is compressed.
When turbine contact isn’t present, it is as-
sumed that the model, with the chosen coordi-
nate frame, is valid given that the bow is arbi-
trarily close to the turbine. This is illustrated
in Fig. 6. Hence, the model covers both in- and
not in- turbine contact mode.
Figure 6: Uncompressed horizontal spring - no contact
6. The horizontal spring produces force (Xis) only
when it is in compression which is when xiC/O >
xiM/O, see Fig. 7. When this is the case, the
vertical spring force Zis, can act both in com-
pression and tension. The spring suspension is
fixed in the x-direction, hence xiM/O is constant.
Figure 7: Compressed horizontal spring - turbine contact
7. During boarding operation, when contact is
present, the bow (ziC/O) can either be fixed to,
or slide up and down the wind-turbine column.
This is regarded as stick-slip motion and is mod-
elled as Coulomb friction force.
The stick motion relates to the static regime.
When sufficient wave energy is available to over-
come static friction, the bow will move either
up or down and the system enters the kinetic
regime. To account for this, the following modes
are considered:
(a) Static friction, with coefficient µs, prevails
if the mass m∗ is fixed to the turbine, hence
z˙iM/O = 0.
(b) Kinetic friction, with coefficient µk prevails
if m∗ glides up and down the wind turbine
column, hence z˙iM/O 6= 0.
2.1. Spring forces
The pitch angle is referred to as θ(t) and is defined
positive with the bow down according to the right-
hand rule. The inertial coordinates for the point C
can be expressed using a rotation matrix:
riC/O = r
i
B/O +R
i
br
b
C/B
⇓xiC/O0
ziC/O
 =
xiB/O0
ziB/O
+
 cos(θ) 0 sin(θ)0 1 0
− sin(θ) 0 cos(θ)
xbC/B0
zbC/B

(1)
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The horizontal spring force, in inertial coordinates,
can be expressed:
Xis =
{
kh(x
i
M/O − xiC/O)− chx˙iC/O) if (∗)
0 otherwise.
(2)
(∗): xiC/O ≥ xiM/O. According to hypothesis 2, Xis <
0 during craft-to-turbine contact. The vertical spring
force in inertial coordinates is expressed
Zis = kv(z
i
M/O − ziC/O) + cv(z˙iM/O − z˙iC/O). (3)
2.2. The friction force
The friction force between the fictitious mass m∗
and the turbine column is modelled as
Zif =
{
Zis if (∗∗)
µkX
i
s sgn(z˙
i
M/O) else.
(4)
(∗∗): |z˙iM/O| <  and |Zis| ≤ −µsXis. The two ex-
pressions in (4) correspond to static and kinetic fric-
tion force, respectively. The parameter  is cho-
sen sufficiently small to avoid simulation scattering
and sgn(·) denotes the signum function. Recall that
Xis ≤ 0 so the friction force will always act against the
motion and act as a stabilizer and damping of motion.
Observe that a discontinuity occur when toggling the
regimes.
The equation of motion for the fictitious mass m∗,
can be written
m∗z¨iM/O = Z
i
f − Zis. (5)
Note that due to equation (3), (4) and (5), the point
M coincide with point C when turbine-contact is not
present, hence ziM/O = z
i
C/O.
2.3. Decomposing the propulsion force
The propulsion forces are modelled in the inertial
frame as
Xiprop = KBP cos(θ),
Ziprop = −KBP sin(θ),
M iprop =
−L
2
KBP sin(θ),
(6)
where KBP > 0 denotes the propulsion bollard pull
force. It is assumed that the propulsion force coin-
cides with the water plane for θ = 0. L denotes the
air cushion length.
2.4. Air cushion pressure dynamics
The following notation and modelling of the air
cushion is based on [8]. Let Pu(t)+Pa denote the to-
tal air cushion pressure, where Pa and Pu(t) denotes
the atmospheric and the excess air cushion pressure,
respectively.
For control purposes, µu(t) is defined as a uniform,
non-dimensional dynamic cushion pressure variable:
µu(t) =
Pu(t)− P0
P0
, (7)
where P0 denotes the equilibrium pressure.
∆AL(t) is the controller output and denotes
the commanded dynamic leakage-area of the air
cushion. The total leakage is expressed:
AL(t) = A0 + ∆AL(t), (8)
where A0 is some mean operating value that allows
two-sided control. In the absence of sea waves, the air
cushion reaches its equilibrium point when ∆AL(t) =
0.
The dynamics for µu given in [8] is written:
K1 µ˙u(t) +K3 µu(t) + ρc0Acz˙(t)
i
B/O − ρc0Acxcpθ˙(t) =
K2 ∆AL(t) + ρc0 V˙0(t),
(9)
with
K1 =
ρc0 h0Ac
γ
(
1 + PaP0
) , K2 = ρc0 cn
√
2P0
ρa
,
K3 =
ρc0
2
(
Q0 − 2P0 q ∂Qin
∂P
|0
)
,
(10)
where ρa, ρc0 and Ac denotes ambient air density,
equilibrium cushion density and air cushion area, xcp
denotes the longitudinal length between the inertial
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coordinate frame origin and the center of the air cush-
ion pressure, Q0 is the equilibrium air flow,
∂Qin
∂P |0 is
the linearised lift fan characteristic slope at the equi-
librium point, which is always negative. q denotes
the total number of lift fans that are running on the
same, constant speed.
V˙0 is the wave volume pumping of the dynamic
pressure. It is regarded a disturbance to the air cush-
ion since it represents the sea wave volume inside the
air cushion:
V˙0(t) = Ac ζa ω0
sin k L2
k L
2
cos(ω0t), (11)
where ζa and ω0 denotes the wave height amplitude
and sea wave frequency. k = 2piλ denotes the wave
number where λ is the sea wave length. As a side
note, when modelling the vessel in transit one would
use ωe which is the wave frequency of encounter.
The cushion pressure dynamics is linearised about
P0 which is found reasonable for the control plant
model by investigating the actual nonlinear air-flow
actuators response from zero to maximum air cushion
pressure in Fig. 8. The upper limit of the cushion
pressure is limited due to leakage under the seals and
hulls, which denies a further increase for Pu as the
cushion air outflow (Qout) equals the fan inflow (Qin).
The characteristics for Qin is found from the lift-fan
characteristic table from the Wave Craft and the air-
flow out of the air cushion is expressed:
Qout = cnAL(t)
√
2Pu(t)
ρa
(12)
Fig. 8 illustrates that for the control plant model,
a linearised flow approach around P0 is considered
applicable.
2.5. Motion in surge, pitch and heave:
The vessel motion in surge, pitch and heave con-
sist of standard seakeeping equations of motion with
radiation and wave excitation forces. The restoring
forces are considered linear, following assumption 7.1
in [14], for low-speed applications. The same sym-
bolic notation is also used.
Max
0
Po
Max
Qin
P u
0
0
Po
Max
P u
Q
out
Q0
Q0
Figure 8: Leakage air-flow characteristics
The equations of motion are coupled with cushion
pressure, spring forces and friction forces. A hydro-
static coupling between heave and pitch is neglected
due to the chosen coordinate frame. The air cush-
ion pressure is coupled with heave and pitch veloc-
ity. The work presented in this paper considers head
seas which is reasonable since the orientation of the
wind-turbine-ladder, which is where the bow docks
the turbine, is placed accordingly. The following con-
trol plant model is considered, where the surge dy-
namics can be expressed as
(m+A11) x¨
i
B/O(t) +B11 x˙
i
B/O(t) = X
i
prop(t) +X
i
s(t)
+Xiwaves(t),
(13)
and the motion in heave can be written as,
(m+A33) z¨
i
B/O(t) +B33 z˙
i
B/O(t) + C33 z
i
B/O(t)
−Ac P0 µu(t) = Ziprop(t) + Zis(t) + Ziwaves(t),
(14)
while the pitch equation is given by
(Iyy +A55) θ¨(t) +B55θ˙(t) + C55θ(t) + xcpAc P0 µu(t)
= M iprop(t) + z
b
C/BX
i
s(t)− xbC/BZis(t) +M iwaves(t),
(15)
where Aii, Bii and Cii denotes the hydrodynamic
added-mass-, water wave radiation- and hydrostatic
coefficient in motion ii where i = 1, 3, 5 respectively
denoting motion in surge, heave and pitch. Added
mass and radiation terms are frequency-dependent
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but are solved as coefficients using the Cumming
equation [15], [14]. m and Iyy denotes vessel mass
and moment of inertia around the y-axis. Xiwaves,
Ziwaves and M
i
waves are the hydrodynamic wave exci-
tation forces in surge, heave and pitch, respectively,
and models for these can be found in [15] and [14].
3. Control System Design
The control problem considered consist of minimiz-
ing the vertical craft motion by controlling the air
cushion pressure. The pressure is not actuated di-
rectly but through varying the leakage area out of a
set of vent valves as illustrated in equation (8), (9)
and Fig. 5.
3.1. State space model
The system, expressed in equation (1) through (15)
can be written in the following state space form:
x˙(t) = Ax(t) +Bu(t) + f(x(t)) +Ev(t)
y(t) = Cx(t),
(16)
where Ax(t) captures the unperturbed and uncon-
trolled dynamics of the craft when bow-to-turbine
contact is not present. Correspondingly Ax(t) +
f(x(t)) applies for the perturbed bow-turbine-contact
case which includes water jet-propulsion, spring- and
friction-forces. Bu(t) and Ev(t) is the control force
and disturbance force, respectively.
Momenta, cushion pressure and displacement will
be used as states in a 9-dimensional state space
vector x = [x1 x2 ... x9]
T , where
x1 : Heave displacement, z
i
B/O
x2 : Pitch angle, θ
x3 : Heave momentum, (m+A33)z˙
i
B/O
x4 : Pitch angular momentum, (Iyy +A55)θ˙
x5 : Dynamic cushion pressure, µu(t)
x6 : Surge displacement, x
i
B/O
x7 : Displacement of mass m∗, ziM/O
x8 : Surge momentum, (m+A11)x˙
i
B/O
x9 : Vertical momentum of mass m∗, m∗z˙iM/O
The scalar control is defined as u(t) := ∆AL(t).
Note that a positive u correspond to a leakage area
less than A0 (8) and vice versa. The measurement
is the sum of two numerical integrated acceleration
signals. The accelerometers are located at point B
and C (Fig. 6). Assuming θ < 10◦, the measurement
can be mathematically expressed as y(t) = kB z˙
i
B/O+
kc(z˙
i
B/O − xbC/B θ˙) where kb and kc are non-negative
scaling parameters which weights the input from the
sensor located at point B and C respectively. The ini-
tial state is x(t0) = [01x6 z
b
C/O 01x2], where 0nxm is
the n×m-dimensional zero matrix. The disturbance
vector is expressed v = [Ziwaves M
i
waves V˙0 X
i
waves]
T .
The system matrices A, B, f(x), E and C can be
found in Appendix B.
3.2. Feedback control law
The following feedback controller is proposed:
u(t) = −ky(t)
= −kCx(t), (17)
where k ∈ R is the controller feedback gain. It is as-
sumed that y is properly band-pass filtered in such a
way that the −3 dB corner frequency eliminates sen-
sor drift and assure stability in all modes ( structural,
pressure resonances, etc.) but on the same time does
not compromise the relevant sea wave bandwidth. It
is also assumed that proper saturation limits and anti
wind-up for the integrator is given. Section 3.3 will
investigate the stability of the system with the pro-
posed controller.
3.3. Stability investigation
This section will investigate the stability of the
closed loop system when no contact exists between
vessel and turbine. The following will classify the
convergence of point B to O, see Fig. 6.
The unperturbed dynamics that describes the non-
turbine-contact is described as
x˙ = Ax+Bu. (18)
State x6 to x9 includes surge motion and vertical mo-
tion of the fictitious spring suspension. These states
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are not relevant for the non-contact case. There-
fore, in this section, A,B,C are reduced to A15x5,
B15x1 and C11x5 which captures heave, pitch and
cushion pressure dynamics while excluding the surge
and spring suspension dynamics. See equation (B.1).
Therefore, define x˜ := [x1 x2 ... x5] which are the
first five states in x. Let x˜0 denote the equilibrium
of x˜. The closed loop system can be written:
˙˜x = A15x5 x˜+B15x1 u
= (A15x5 −B15x1 kC11x5) x˜
:= A1cl x˜
(19)
When no contact exist between the vessel and the
turbine, the system will be Globally Exponential Sta-
ble (GES) if A1cl is Hurwitz since (19) is linear.
Lemma 1. A1cl is Hurwitz.
Proof: By choosing the following lyapunov candi-
date:
V(x˜) = x˜TPx˜, (20)
where P ∈ R5, then the derivative along the system
trajectories of (20) can be written:
V˙(x˜) = −x˜TQx˜, (21)
where Q ∈ R5 needs to satisfy the lyapunov equation:
PA1Tcl +A1clP = −Q. (22)
Let’s choose P and Q as two diagonal matrices
with the following terms on the main diagonal
(p1 p2 ... p5) and (q1 q2 ... q5), respectively.
A solution of (22) can be found as
p1 =
C33(Iyy +A55)(Acρc0 +K2k(kB + kC))
AcP0(Acρc0xcp +K2 k kC xCB)
p2 =
C55(Iyy +A55)
AcP0xcp
, p3 =
p1
C33(m+A33)
,
p4 =
p2
C55(Iyy +A55)
, p5 =
K1(Iyy +A55)
Acρc0xcp +K2kCkxCB
,
(23)
q1 = q2 = 0, q3 =
2B33p1
C33(m+A33)2
,
q4 =
2B55p2
C55(Iyy +A55)2
, q5 =
2K3p5
K1
(24)
Since all the terms are positive due to their physical
interpretation, P > 0 and Q ≥ 0.
According to Vidyasagar [16] it can be shown that
A1cl is Hurwitz for a semi-definite Q by using the
invariant set theorem. By solving equation (21) for
zero,
V˙(x˜) = 0, (25)
and due to the structure of Q one can only be sure
that the three latter terms in x˜ must be zero, not
necessarily the first two. Hence,
x˜ = x˜0 =
[
x1 x2 0 0 0
]T
. (26)
However, it can be seen from (19) that
x¨3 = x¨4 = x¨5 = 0, (27)
only if
x1 = x2 = 0 (28)
Therefore, the result of Lemma 1 follows and the
state vector x˜ must converge to x˜0 with an exponen-
tially fast exhibited behaviour even for uncertainties
in A1cl.
Comment: compared to the GES system given in
(19) the hinged system also includes friction force (4),
spring force (2), (3) and propulsion force (6). The
friction force will act in the opposite direction of any
motion, the spring-damper forces will have a reducing
effect on the overall motion and the propulsion force
is thrusting towards a fixed structure. Based on this,
a stable behaviour for the bow-to-turbine case is ex-
pected.
4. Results
In the following results, a controller has been de-
signed as specified in section 3. In the experimen-
tal results, the sensor is located at the center-of-
gravity (CG) acting in the z-direction. The CG is
located right above point B (Fig. 6) and therefore,
after all physical and practical regards, the CG ac-
celerometer readings is denoted z¨iB/O. The controller
output is the commanded vent valve leakage area
∆AL(t). A SES experience vibrations in the hull due
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to the air cushion dynamics. Therefore, considera-
tion must be taken into account and signal- filtering
and -estimation on a SES is further discussed in [17].
Due to UM property rights, all ticks on the y−axis
are normalized (with Fig. 17 as an exception).
4.1. Simulation results
Fig. 9 illustrates a test run that consists of three
phases. The craft (point C) is initially located in
front of the turbine (point M) and no contact exists.
The propulsion force, which initially is zero, is en-
abled at t = 33 s. At this time turbine contact is
engaged. The BCS is active from t = 66s. The regu-
lar head sea wave has peak-to-peak wave height 2.4m
and period 7.16s.
The simulation can be summed up as follows:
Phase 1, t ∈ (0, 33): The horizontal spring is uncom-
pressed. The fictitious spring suspension follows the
bow tip, hence ziM/O = z
i
C/O.
Phase 2, t ∈ (33, 66): The propulsion force is
thrusting the bow tip (xiC/O) towards the turbine,
however, kinetic and static friction are fighting each
other, leading the bow tip (ziC/O) to glide up and
down the turbine. θ is damped due to friction.
Phase 3, t ∈ (66, 100): The BCS is activated while
maintaining the propulsion trust force from phase 2.
The amplitude of θ and ziB/O indicates that motions
in the entire vessel are significantly reduced. The
friction force type are exclusively static and boarding
of the turbine is safe since ziC/O is fixed. The control
system ensures that the system trajectories return to
an equilibrium (ziC/O ≈ 0.6).
4.2. Model-test craft
The performance of the control system is illus-
trated through model testing (Fig. 4). This section is
divided into two parts, one for regular (long-crested)
waves, and one for irregular seas which is defined by
a wave spectrum with distributed wave heights and
periods. To clarify, the BCS actively controls the
cushion leakage area in contrast to an uncontrolled
case where the leakage area is constant (AL(t) = A0
and u(t) = 0).
The quantitative dimensions of the hull, seals, lift
fans and the ventilation valve are accurately scaled.
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Figure 9: Simulation run
The measurements are obtained by an accelerome-
ter (ICSensors, Model 3022, +/- 2g) located near
CG and air cushion pressure sensors (Measurement
Specialties, MS1451) which are distributed longitu-
dinally along the cushion. Inertial positions in 6-
degrees of freedom given in the North East Down
(NED) frame, are available through high speed mo-
tion capture cameras (Qualisys, Oqus 3+). Waves
were generated using wave makers (AWACS, deliv-
ered by DHI). Two springs, each tensioned to repre-
sent a Kamewa 45A3 water-jet. All tests were per-
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formed in the Ship Model Tank, Sintef, Marintek in
Trondheim.
4.2.1. Regular seas:
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(a) Tp = 8.5s. BCS is turned off at t = 441s
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(b) Tp = 11.7s. BCS is turned on at t = 162s
Figure 10: Time Series. Hs = 3.2m
Fig. 10 shows that the bow vessel tip is fixed to
the turbine when the Boarding Control System is on
while it is slipping up and down the turbine when the
BCS is off (the system is uncontrolled). The peak-
to-peak wave height (Hs) is 3.2m. In Fig. 10a, the
wave period (Tp) is 8.5s while it is 11.7s in Fig. 10b.
In Fig. 10a the amplitude of Pu decreases when the
BCS is turned on (see red, dotted line), in contrast
to Fig. 10b where the amplitude of Pu is increasing
when the BCS is turned on. This emphasize an im-
portant fact which differs from traditional RCS: The
BCS manipulates the pressure variations to be what-
ever is desired to reduce vertical motions. For the
case of the shorter wave period (Fig. 10b), the wave
volume pumping (V0) is dominating the disturbance
in heave and consequently, the BCS manipulates the
pressure variations by damping the disturbance pres-
sure amplitude and by changing the phase to act in
opposite direction of the heave velocity. For the case
of the longer wave period (Fig. 10b), the wave excita-
tion force (Zis) is the dominating disturbance and the
BCS commands large pressure variations in counter-
phase of the heave velocity.
The repeating ripples in the measurements are al-
ways present on a SES. They are mainly a coupled
function of disturbances (see eq. (16)), the pressure
resonance (around 20 Hz in this case and not scalable
in the full-scale domain), lift fan vibrations and air
leakage under seals and hull.
4.2.2. Irregular seas:
The parameters Hs and Tp denote significant wave
height and wave period, respectively. In this case, the
model-tank wave-generator produces a JONSWAP
wave spectrum [14] parameterized with Hs = 2.5 m
and Tp = 7.5 s.
Fig. 11 and 12 show the performance of the BCS in
irregular seas by reducing vertical bow motions. This
enables safe turbine access in higher sea states. Fig.
11 shows the time series of a ten minute run, while
Fig. 12 illustrates the Power Spectral Density (PSD)
plot, obtained by the MATLAB function pwelch, for
a 40 minute run. For clarity, the benefit of decreasing
bow motion is to simplify the manoeuvring process
for the captain while approaching the turbine and to
increase personnel safety during turbine boarding.
0
0.5
1
z
i C
/O
1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300
−1
0
1
u
t (s)
Figure 11: Time series of the bow motion with and without
the BCS active. BCS is turned on at t = 2050s
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Figure 12: PSD plot of the bow motion with and without the
BCS active
4.3. Full-scale craft
The Wave Craft prototype, Umoe Ventus is cur-
rently charted too Dong Energy on the wind-farm
Borkum Riffgrund 1 (March 2015), in the Germany’s
North Sea. The results presented in this article are
taken on-site during the BCS tuning period. The fol-
lowing plots shows the performance of the BCS in
significant wave heights Hs = 1.5 - 1.75m with wave
period around Tp = 4− 5s.
Figure 13: Wave Craft Prototype - Umoe Ventus. Photo: UM
4.3.1. No turbine contact
These results show the performance of the ves-
sel’s free floating motion before turbine contact occur
(Fig. 14).
The critical part in this phase is for the captain
to smoothly maneuver the vessel into a hinged mode
without slamming into the turbine or get the bow tip
fender hanging with the nose too far up or too far
down. Therefore, reducing pitch motion is crucial.
Figure 14: No turbine contact. Photo: UM
The BCS is also used while loitering in the farm. The
BCS greatly reduce motions (Fig. 15).
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Figure 15: BCS performance, no turbine contact, time se-
ries for vertical acceleration, pitch angle and controller output.
The BCS is turned on at t = 79s.
Fig. 16 illustrates the same data but represented
using three PSD plots. The figure proves a distinct
reduction in vertical acceleration and pitch when the
BCS is active. According to ISO 2631-1:1997 [18],
Fig.17 proves that in these sea conditions, the service-
workers are not going to get seasick even when oper-
ating at the farm for 8 hours. The CG accelerome-
ter (z¨iB/O) is located directly underneath the service-
workers cabin and the data is compared to the ISO-
standard which deals with the criteria for seasickness.
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Figure 17: ISO 2631/3 (1997) Seasickness criterion.
4.3.2. Turbine contact
In this section, turbine contact is investigated. Fig.
18 shows that a slip occur for the uncontrolled case
at t = 120s. This can be seen as θ suddenly changes
its mean value (marked with a red, dotted line).
Fig. 19 shows the PSD plot for heave acceleration,
while Fig. 20 shows the PSD plot for the pitch angle,
both using the time series given in Fig. 18.
Vertical accelerations are heavily reduced when the
BCS is active (t > 150s). The system provides a safe
boarding environment by sticking the fender to the
turbine. Note that when the BCS is toggled on, θ,
and hence ziC/O, slowly wanders and converges to its
equilibrium point around t = 200s. The low frequen-
cies (< 0.05Hz) seen in the plots for θ, u and Pu
is a direct result of this wandering phenomena and
crucial for maintaining a safe boarding environment.
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Figure 18: BCS performance, turbine contact, time series for
vertical acceleration, pitch, controller output and cushion pres-
sure.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0
0.25
0.5
0.75
1
[Hz]
 
 
z¨iC/O - Uncontrolled
z¨iC/O - BCS
z¨iB/O - Uncontrolled
z¨iB/O - BCS
Figure 19: BCS performance, turbine contact, PSD plot for
vertical acceleration.
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Figure 20: BCS performance, turbine contact, PSD plot for
pitch
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5. Conclusions and further work
The performance of the proposed BCS shows that
wind-turbine accessibility is increased compared to
the uncontrolled case. The results prove that the
BCS decrease overall vessel motions and reduce the
chance of getting seasick. The model-test results in
Fig. 10 indicate safe turbine access in up to 3.2 me-
ter for regular waves, and up to 2.5 m significant for
irregular waves (Fig. 11 and 12). Note that the bow
experiences some small slips during the irregular sea
case but turbine access is still regarded safe; in prac-
tice, all turbine transfer vessel experience some slips
when pushing its sea wave limit [3] but it is the size
of, and how frequently the slip appears, that are of
interest. Unfortunately such limits are not yet classi-
fied but these vessels have a designated crew opera-
tor that signals the service personnel whether or not
boarding is safe, and based on this, one can regard
the results given with the BCS active in Fig. 11, as
safe.
The full-scale results are in correspondence with
simulation and model-test results. The BCS de-
creases pitch motion and vertical accelerations. Sev-
eral factors apply when safely accessing a turbine,
not just vertical wave propagations as discussed in
this article. The speed and direction of wind and
current have proved itself crucial to this matter. The
results shown in this article are in compliance with
what was physically experienced during the 3-week
full-scale tuning-period: the ability to access the tur-
bines was not limited by the wave induced vertical
motion (when the BCS was active). This statement
holds for sea conditions where the other vessels had
to abort O&M and return to harbor which was the
case when the data for Fig. 15 - 17 was obtained.
Therefore, to truly identify the potential of the BCS,
further testing is required in more extreme wave con-
ditions where current and wind is of a negligible size.
The mathematical modelling presented in this arti-
cle is not limited to wind-turbine-docking, it captures
all types of docking toward offshore structures as long
as propulsion force create contact between the bow
and the structure. To deal with other type of ves-
sels, one can easily remove the air cushion pressure
dynamics.
Further work could include other control structures
such as hybrid control which could use different mod-
els, or controllers for different modes such as when
bow-to-turbine contact exists, or don’t exist. When
contact exists, the hybrid system could distinguish
between static and kinetic friction. The hybrid sys-
tem could change between different sensor input, con-
trol law structure or controller gains.
Appendix A. Main Dimensions
Description Full-scale Model-test
Length Over All 26.6 m 3 m
Width Over All 10.4 m 1.3 m
Draught (On-cushion) 2.77 (0.8) m 0.34 (0.1) m
Cargo Capacity 4 T n.a.
Transit Speed ≈45 kn ≈15.9 kn
Range 700 Nm n.a.
Crew 2-3 n.a.
Passengers 12 n.a.
Propulsion Water Jets Carriage
Appendix B. Symbolic Matrices
A =
[
A15x5 05x4
04x5 04x4
]
, f(x) =

02x1
f13x1
02x1
f22x1
 ,B = [B15x104x1
]
,
E =

02x3 02x1
I3x3 03x1
02x3 02x1
01x3 1
01x3 0
 , C = [C11x5 01x4] ,
(B.1)
where Inxm denotes the nxm-dimensional identity
matrix. Furthermore,
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A15x5 =

0 0 1m+A33 0 0
0 0 0 1Iyy+A55 0
−C33 0 −B33m+A33 0 AcP0
0 −C55 0 −B55Iyy+A55 −xcpAcP0
0 0 −ρc0AcK1(m+A33)
xcpρc0Ac
K1(Iyy+A55)
−K3
K1

B15x1 =
[
0 0 0 0 K2K1
]T
,
C15x1 =
[
0 0 kB+kCm+A33
−kCxbC/B
Iyy+A55
0
]
(B.1)
f13x1 =
 −KBP sin(x2) + Zis + Ziwaves−KBPL sin(x2)2 + zbC/BXis − xbC/BZis +M iwaves
ρc0V˙0

f22x1 =
[
KBP cos(x2) +X
i
s +X
i
waves
Zif − Zis
]
,
where
Xis = kh
(
xiM/O − x6 − α
)
− ch
(
x8
m+A11
+
βx4
Iyy +A55
)
,
Zis = kv (x7 − x1 − β) + cv
(
x9
m∗
− x3
m+A33
+
αx4
Iyy +A55
)
Zif =
{
Zis if | x9m∗ | <  and |Zis| ≤ −µsXis
µkX
i
s sgn(
x9
m∗
) else,
and
α =α(x2) = x
b
C/B cos(x2) + z
b
C/B sin(x2),
β =β(x2) = −xbC/B sin(x2) + zbC/B cos(x2).
(B.2)
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